The developing fetus has some unique physiological properties that differ from properties in extra-uterine life. The fetus exists in a hypoxemic condition as a result of the presence of the placenta, which serves as a limiting interface between maternal and fetal circulation. In addition, the fetus is prone to be exposed to uterine contractions, which place it under a further hypoxic burden. Thus, the fetal response to hypoxic insults is important. There has been marked progression in the understanding of fetal physiology since the introduction of the 'chronic preparation model'. Based upon information from animal research, we now utilize medical technologies in daily medical care, for example, fetal heart rate monitoring and high-resolution ultrasonographic devices. In this review, we discuss the main findings in relation to fetal physiology and their clinical relevance.
Introduction
The fetus exists in a hypoxemic condition in utero (a lower partial pressure of oxygen [PO2] condition). Ironically -from a physiological point of view -it does not suffer from an insufficient oxygen supply. Thus, an understanding of fetal physiology under normoxic and hypoxic conditions is clinically important for the management of healthy and pathologic fetuses. Extensive studies have been performed both in clinical research and in animal laboratories. Presently, the use of chronic catheterization techniques in fetal animals and the use of ultrasound techniques to study human fetuses have established the existence of fetal activity or behavioral states in utero. In this review, we will address some of the information obtained from animal experiments that clinical obstetricians should keep in mind when caring for pregnant women and their fetuses.
In human pregnancy, the normal labor process is associated with a repetitive decrease in fetal oxygenation, which is caused by intermittent hypoxic stresses induced by uterine contractions. In fact, uterine contractions reduce the blood supply to the placenta through the mechanical closure of the penetrating arteries, leading to a decrease in the placental oxygen content and oxygen supply to the fetus. In addition, repetitive uterine contractions are sometimes associated with varying degrees of umbilical cord compression, which cause hypoxia and hypercapnia of the fetus.
Most of our understanding of the impact of hypoxia on fetal physiology is derived from experimental investigations in fetal animals. The ability to mimic the clinical conditions of fetal hypoxia makes such experiments a valuable source of information for elucidating the mechanisms underlying the biophysical changes in the fetus during labor and delivery. Animal experiments have also been useful for evaluating the potential benefits of therapies.
The advent of chronically instrumented fetal experimental models
In 1965, Barron et al. succeeded in establishing chronic preparation models to study fetal physiology in utero, in which the fetus is maintained under relatively 'stress-free' conditions. 1 The introduction of this model prompted extensive investigation and led to marked improvement in our understanding of fetal physiology. Sheep, goats and guinea pigs are known as prenatal brain developers from a neuroanatomical standpoint, and already have relatively mature electrocortical patterns at birth. Studies of chronic preparation models of these animals have identified the equivalents of behavioral or sleep states, which have similarities to these states after birth in human neonates and adults.
In the present study, we briefly describe the methods that are used to prepare this animal model ( Fig. 1): 1 Pregnant sheep or goats at~0.8 term are used. 2 After the induction of intravenous anesthesia, a tracheal tube is inserted and general anesthesia is initiated with halothane. 3 The skin of the low abdomen is prepared and disinfected. 4 A low abdominal, midline incision is made and the fetal position is evaluated manually through the uterine horns. The fetal head is gently moved through the uterine wall, such that the head is pulled out through a small incision without damaging the placental cotyledons. Polyvinyl catheters (0.5 mm ID) are inserted into a fetal common carotid artery and an external jugular vein. Other catheters (1.0 mm ID) are placed in the trachea and amniotic sac. Electrodes are implanted to record electrocortical activity (ECoG), rapid eye movement (REM), and electrocardiography (ECG). Catheters (1.0 mm ID) are also placed in a femoral artery and vein of the ewe. Other instruments, such as umbilical cord occluders and electromagnetic flowmeters, are also applied as necessary. Thereafter, the uterus and the skin are sutured. The catheters, electrodes and instruments are exteriorized through a skin hole and connected to recorders. 5 Antibiotics are periodically given to the ewe, fetus and amniotic cavity, as necessary, for three days. The ewe has ad libitum access to water and food. A fetal blood gas analysis is performed to evaluate its physiological status. 6 Experiments usually start at least four days after surgery, when the fetus has sufficiently recovered from the surgical insults, and when the ewe is able to stand or sit quietly in a metabolic cart.
This animal model has enabled us to study wholebody fetal physiology and to expand our knowledge.
Hypoxia Classification
To study different clinical conditions, various forms of fetal hypoxia have been established in chronically instrumented animal models. Some of the classifications of fetal hypoxia include: hypoxic hypoxia, anemic hypoxia, hypobaric high-altitude hypoxia and hypoperfusion hypoxia.
1 Hypoxic hypoxia. Hypoxic hypoxia is induced by a reduction in the inspired oxygen delivered to the ovine fetus through maternal hypoxia. Classically, the ewe was placed in a hypoxic chamber in which a mixture of hypoxic gas (e.g. 8% O2, 3% CO2 in N2) was perfused in the whole chamber (Fig. 1) . To reduce the cost associated with this procedure, we use a plastic bag to cover the ewe's head and neck, and perfuse it with a hypoxic gas mixture. Later, a plastic catheter is introduced via maternal tracheotomy and pure N2 gas or 3% CO2 in N2 gas is administered through the catheter while the ewe breathes spontaneously. 2 2 Isovolemic anemic hypoxia. The oxygen content is reduced by decreasing the fetal hematocrit level. Isovolemic anemia is produced by an exchange transfusion method in which maternal plasma is infused into the fetal vein while simultaneously withdrawing the same volume of fetal blood from the fetal artery.
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3 Hypobaric high-altitude hypoxia. To establish longterm fetal hypoxemia for several months or more, we place the pregnant ewe in a high-altitude mountainous ranch. 5, 6 Increasing the altitude by 1000 m brings about a 10 mmHg decline in the maternal partial pressure of oxygen dissolved in arterial blood (PaO2) level. 4 Hypoperfusion hypoxia. Several methods for establishing hypoperfusion hypoxia have been reported. The microsphere technique (microspheres of > 50 μm in diameter) is introduced to occlude fetal or maternal blood flow in the placenta. A vessel occluder is also applied to the umbilical cord to decrease the umbilical blood flow and to decrease the uteroplacental blood supply, in which the maternal vessels that perfuse the uterus are compressed.
Hypoxic Conditions
Hypoxic conditions are also classified into several subtypes, including -but not limited to -mild, moderate or severe hypoxia, acute and chronic hypoxia (shortterm vs. long-term), sudden-onset and gradual hypoxia and continuous and intermittent hypoxia.
Placental abruption is usually a sudden-onset event, while acute hypoxia and fetal growth restriction are more likely to be associated with long-term, chronic hypoxemia. To model these conditions, acute hypoxia is established by acutely reducing the ambient oxygen concentration from 21% to < 10%, usually for a period of 1-2 h, in a metabolic chamber (Fig. 1) . Longer-term hypoxia is established by placing the pregnant animal in a hypoxic chamber for several days or weeks, or by placing it in a high mountainous place (high altitude, hypobaric hypoxia).
Uterine contractions are usually associated with repetitive hypoxic stress upon fetuses because they also compress the uterine arteries that pass through the myometrium to supply blood to the placenta. This condition is established by changing the maternal respiratory gases, or by reducing the blood flow to the placenta.
Hypoxia and Fetal Responses
The definitions and implications of the physiologic terms relevant to hypoxia are listed in Table 1 . From a physiological viewpoint, the deterioration of fetal oxygenation from normoxia progresses from hypoxemia, to hypoxia, to asphyxia and then death ( Table 2 ). This oxygenation cascade is accompanied by physiological changes in the fetus, which may vary according to the character of the hypoxic stress and fetal intrinsic potential.
In adults, the atmospheric supply of oxygen is abundant. Thus, an increase in ventilation compensates for hypoxia by increasing the oxygenation of the blood. In utero, the supply of oxygenated blood to the fetal organs is placenta-dependent. In contrast to the pulmonary ventilation system in adults, the potential Marked impairment of gas exchange leading to hypoxemia, hypercapnia and progressive acidosis Ischemia Insufficient amount of blood delivered to tissues leading to decreases in oxygen and glucose below critical levels Metabolic acidosis Low pH resulting from an increase in lactic acid (base excess) in the blood reflecting the severity of asphyxia Respiratory acidosis Low pH resulting from an increased carbon dioxide in blood Mixed acidosis Low pH that reflects both increased carbon dioxide and lactic acid of the placenta to increase fetal oxygenation is limited. However, unique physiological mechanisms exist, which permit the supply of oxygen to the fetus to exceed its metabolic needs, for example, different oxygen dissociation curves of fetal hemoglobin, shunts in fetal circulation and the preferential supply of oxygenated blood to the vital organs. Under hypoxic conditions, these unique mechanisms also play important roles in preserving the well being of the fetus. Some of the typical fetal responses are explained here.
Oxygen cascade from the mother to the fetus
The transportation of oxygen from ambient air to the fetal tissue is depicted sequentially in Figure 2 . There are three parts: maternal circulation, fetal circulation and between them, the placenta. Thus, the transfer of oxygen to the fetus is placenta-dependent. The impact of increasing PO2 of the inspired gas may have potential clinical value. The administration of oxygen to the mother causes a huge increase (~400 mmHg) in the maternal PaO2 level; theoretically, however, the increase in the fetus is minimal (~5 mmHg) in the sheep model. It also depends on the changes in the blood flow and the oxygen consumption of the fetus and the uteroplacental unit. 7 Fetal heart rate changes
In near-term fetuses, hypoxia induces a slowing of the heart rate. Martin et al. used blocker experiments in chronic preparation models to show that fetal heart rate deceleration is mainly transmitted through the autonomic nerve reflexes. 8 Acute hypoxia stimulates the peripheral chemoreceptors (Fig. 3) . Activation of the chemoreceptors stimulates afferent vagal inputs to the cardioregulatory center in the medulla, leading to (i) the efferent vagal reflex to reduce the heart rate and (ii) the efferent beta-sympathetic reflex to increase the heart rate and blood pressure. Increases in blood pressure cause the activation of the peripheral baroreceptors, leading the vagal reflex to reduce the heart rate. Activation of the adrenal glands causes the release of catecholamine, which forms a hormonal limb to stimulate the sinoatrial node of the heart. The net balance between the vagal and betaadrenergic activation is age-dependent during fetal life. Walker et al. used chronic preparation models to show that heart rate responses to an acute onset of hypoxia depend on the stage of fetal development. 9 Before 0.8 term, the change in the fetal heart during hypoxia is insignificant. From 0.8 to 1.0 term, bradycardia occurs in response to hypoxia. The differences are explained by the autonomic push-and-pull control. Before 0.8 term, the induction of both sympathetic and parasympathetic outflows by hypoxia is offset and few net changes occur. After 0.8 term, the parasympathetic effects (slowing heart rate) surpass the sympathetic effects (increasing heart rate), thereby resulting in bradycardia.
The threshold for activating the peripheral chemoreceptors leading to fetal heart rate deceleration is approximately 24 mmHg (PO2) (baseline pre-hypoxic value 28 mmHg), which is observed in dying fetus experiments. 10 Other researchers also found that similar PO2 thresholds cause fetal heart rate deceleration.
Fetuses are capable of adapting to non-progressive and non-acidotic hypoxemia. Under these hypoxic conditions, secondary hypoxic insults also cause fetal heart rate deceleration. During six h of hypoxia, we observed periodic fetal heart rate deceleration, which was associated with spontaneous uterine contracture, congruent with the initial deceleration pattern that occurred at the onset of acute hypoxia.
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Redistribution of fetal blood flow
Hypoxia causes the redistribution of the systemic blood flow. Blood flow to the vital organs such as the brain, heart and adrenal glands is increased at the expense of other peripheral organs, such as the skin and carcass. [12] [13] [14] Blood flow to the placenta is also preserved (Fig. 4) . These observations are useful in the clinical setting as some at-risk fetuses, especially growth-restricted fetuses, show blood flow redistribution.
The fetus can maintain these mechanisms for a considerable time under mild-to-moderate hypoxia (compensation period) without acidemia. When hypoxic insults become severe, the fetus progresses into progressive acidemia and can no longer maintain the abovementioned preferential perfusion to the vital organs. Beyond this critical 'point of no-return', decompensation occurs, resulting in cardiovascular collapse and subsequent death (Fig. 4) . [15] [16] [17] In the compensation period during hypoxemia, blood flow to the brain and oxygen extraction (artery-vein difference in PO2) increase to meet oxygen demand in order to maintain the oxygen consumption of the brain (Table 2, Fig. 4) . When the fetus becomes progressively acidotic, these compensatory mechanisms to protect the brain fail and result in the development of brain damage.
In some infants, neonatal encephalopathy and subsequent brain damage has its origins in utero as a result of conditions such as hypoxia and ischemia. The recognition of insults that are potentially severe enough to cause brain damage in utero, and the identification of these conditions at an early stage to prevent perinatal brain damage remains a clinical problem.
Fetal behavior
Fetal behavioral activities are important and necessary for the normal growth and development of the lungs, the musculoskeletal system and other organs. The impact of hypoxemia on the developing fetus and the behavioral activities are also of great interest and has been the subject of numerous studies.
The ovine fetus shows well-differentiated electrocorticography (ECoG) patterns from 0.8 term onward, with a temporal relationship with breathing and eye movement. 18 Initially the incidence of lowvoltage ECoG and rapid eye movement (REM) and breathing movements is high. This progressively decreases through the perinatal period as the incidence of high-voltage ECoG and non-REM state increases.
The high proportion of the REM state during early fetal life suggests that the REM state plays an important role in the development of the brain. This is supported by an increase in the cerebral metabolic rate during this state. [19] [20] [21] There is also a maturational increase in the cerebral metabolic rate of the fetal REM state.
Breathing movements in mature fetuses are profoundly inhibited by an acute decline of PO2 (Fig. 5) . 22 The threshold of hypoxia is reported to be approximately 20 mmHg, or a decline of 6 mmHg from the control value (Fig. 6) . 12, 23 This inhibition is accompanied by a decrease in low-voltage ECoG and the REM state. 18 In near-term fetuses, the ECoG states are divided into low-voltage, high-voltage and the transitional states.
Mild hypoxia of short or prolonged duration results in little change in ECoG activity. More severe hypoxia or hypoxia with progressive acidosis reduces the incidence of low-voltage ECoG and increases the incidence of high-voltage ECoG and transitional periods. [22] [23] [24] The cycle from low-voltage to high-voltage ECoG is also increased by acute hypoxia. 22, 23 Rapid eye movement is exclusively present during the low-voltage ECG period in the near-term fetus. 18 This relationship is also observed during hypoxia, in that fetal Figure 5 The number of fetal breathing movements/h is depicted (mean + standard deviation). One h of hypoxia significantly reduced the fetal breathing movements, which gradually increased after the cessation of hypoxia.
22 Figure 6 The incidence of fetal breathing movements (FBMs), rapid eye movement (REM), and low-voltage electrocorticogram (LV-ECG) are depicted as functions of fetal partial pressure of oxygen (PO2) changes.
breathing movements are always accompanied by the REM state during the low-voltage ECG period in normoxia as well as in hypoxia. [22] [23] [24] Thus, hypoxia probably inhibits eye and breathing movements by changing the sleep state. This hypothesis was later supported by experiments in brain stem sections. 25 In the clinical setting, the presence of episodic fetal breathing movements, gross fetal body movements and fetal tone are the basis for a biophysical profile scoring system that is used to assess fetal health. The composite biophysical profile scoring system includes markers of both acute and chronic fetal compromise. Fetal breathing movements and gross fetal body movements are known as acute markers that are similar to the fetal heart rate, while the amniotic fluid volume is a marker of chronic fetal compromise.
Fetal adaptation to hypoxia
The fetus can tolerate a mild to moderate degree of hypoxemia for a relatively long period unless the hypoxemia is accompanied by progressive metabolic acidosis. During this compensation period, a fetus that seems physiologically normal cannot be distinguished from a fetus in a normoxic state.
For example, the baseline fetal heart rate decreases in response to acute hypoxemia (from 26 to 16 mmHg), and if the degree of hypoxemia continues without progressive acidosis, the baseline heart rate returns to normal within 1 h, transiently exceeds its control level, then the heart rate eventually returns to the control level within 6 h after the start of hypoxia.
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Fetal breathing movements also show similar adaptation responses. 11, 26, 27 Breathing movements are inhibited by an acute hypoxia (from 26 to 16 mmHg), but the incidence of breathing gradually increases for the next 3 h; after ≥ 4 h of hypoxia, it no longer appears different from the control values (Fig. 7) . 11 Taking the diurnal changes of fetal behavior into consideration, the fetal breathing movements also return to normal by the second day of hypoxia (average decline in PO2 8-9 mmHg). 26 The effects of long-term hypoxia (29 to 19 mmHg) for 28 days on fetal cardiovascular hemodynamics have been studied. 27 Fetal hemoglobin concentrations increased from 10 to 13 g/dl within seven days and remained at this level. This was associated with a transient increase in the concentration of erythropoietin. The concentration of epinephrine was also increased and remained elevated. After the initial changes, the mean blood pressure and heart rate did not differ from those of the control animals throughout the study. Other investigators observed similar hormonal responses to steady-state hypoxia. 28 Under 24 h moderate hypoxemia (from 28 to 19 mmHg) without progressive acidosis, the fetal plasma concentrations of vasopressin, epinephrine and norepinephrine were increased at one h. As hypoxia continued, vasopressin returned to normal within 24 h, while the concentrations of epinephrine and norepinephrine remained elevated throughout the study. 28 Sustained hypoxia with progressive acidosis results in the continued profound inhibition of both fetal breathing and eye movements. 29 These responses to hypoxemia can be protective, as the activities that require increased energy expenditure are variably decreased. In the clinical setting, it should be noted that a marked decrease in fetal movement with chronic hypoxemia (such as that induced by placental dysfunction) is only seen at the level at which acidemia becomes apparent. 30 Thus, the fetal movements should be clinically assessed and used as a marker of moderate to severe hypoxemic change.
Reduction in umbilical blood flow
The reduction in uterine, placental or umbilical blood flow can be produced by the compression of the umbilical vein, 31 compression of the fetal abdominal aorta, 32 occlusion of the umbilical cord 33 or by embolization of the placental vascular bed. 34 A reduction of arterial and/or venous umbilical blood flow results in a reduction in the amount of oxygen that is delivered to the fetus but does not reduce the umbilical venous oxygen content. 31, 34 Thus, a 50% reduction in umbilical blood flow results in a similar reduction in the amount of oxygen delivered to the fetus. The umbilical venous partial pressure of carbon dioxide (PCO2) and fetal arterial pH value do not change, even Figure 7 The adaptation of fetal breathing movements (FBMs) during 6 h of non-acidotic hypoxemia. 11 Bars indicate the mean + standard deviation. Asterisks indicate a statistically significant difference from the control value.
though the umbilical blood flow is reduced to 50% of normal. Compression of the umbilical cord produces an increase in arterial blood pressure, a fall in heart rate and a fall in combined ventricular output. 31, 33, 35 A reduction in the umbilical blood flow (50%) is accompanied by the redistribution of the blood flow to the fetal organs. The blood flow to the vital organs increases (brain [+40%], heart [+40%] and adrenals [+100%]), while the blood flow to the peripheral organs such as the kidney, gastrointestinal tract and spleen decrease, and the blood flow to the carcass increases (+20%). 33 
Special aspects of cord occlusion experiments
The impact of hypoxia on the fetus differs according to its cause. Sustained hypoxemia caused by a reduction in the maternal inspired oxygen concentration has different impacts on fetal physiology in comparison to the repetitive, short-term hypoxemia caused by cord occlusion.
Umbilical cord compression experiments, which induce various degrees and durations of hypoxia, have been performed. An occluder is usually placed at the proximal portion of the umbilical cord. The degree of hypoxia is controlled by the volume of infused water (approximately 2-4 ml) to the occluder cuff.
The effects of short-term hypoxemic events on the behavioral state of the fetus have been studied through intermittent umbilical cord occlusion, which mimics uterine contractions. 36 Complete cord occlusion for 90 s was performed every 30 min for 3 to 5 h. During this experiment, the fetal arterial PO2, oxygen saturation and glucose concentrations fell, while the PCO2 level rose during occlusion; however, all of the values returned to the control levels after release, without cumulative acidosis, during the experimental period. These intermittent stresses resulted in a significant decrease in the incidence of low-voltage ECoG with decreases in REM, body and breathing activities. In comparison, sustained hypoxemia for one to several hours usually had little effect on the incidence of ECoG unless hypoxia was accompanied by metabolic acidosis. 37 Similarly, fetal breathing movements continued to be significantly inhibited during nonocclusion hours, in contrast to the recovery of fetal breathing movements that was observed during sustained hypoxemia. 26, 28 These findings suggest that different mechanisms are involved. Clinically, the frequent occurrence of cord occlusion of sufficient severity might have some impact on the growth and development of the fetal brain.
The impact of the cardiovascular response to repetitive umbilical cord occlusion for 90 s at 30 min intervals for 1 to 4 h each day for 21 days was also investigated. 38 The magnitude of the fall in fetal heart rate decreased, while the magnitude of the rise in mean blood pressure increased, despite the observation of similar changes in the blood gases over the study period. The baroreflex sensitivity did not differ from that of the controls. On the other hand, an index of chemoreceptor sensitivity decreased over the course of the study.
Under hypoxic conditions for 4 min and complete occlusion every 90 min for 6 h, the cerebral blood flow increased by approximately 2 to 3-fold during occlusion; the regional flow increase was greater in the subcortex and brainstem. 39 The cerebral oxygen extraction fell toward zero after 2 min of occlusion, while the extraction of glucose increased by approximately 2-fold, suggesting that the anaerobic metabolism of glucose was the predominant source of energy at this time. The ECoG activity was suppressed, probably resulting from a shutdown of other energy-using processes.
In the near-term human fetus, variable decelerations are observed in 5% of fetal heart rate monitoring traces. This condition is likely to be attributable to umbilical cord complications. Nuchal cords are present in nearly 25% of pregnancies at the time of delivery. The number and type of nuchal cord entanglements have been reported to be associated with different morbidities. Epidemiological studies have shown that a tight nuchal cord has the potential to cause asphyxiation, which is associated with unexplained spastic cerebral palsy in normal birth weight infants. 40 These reports suggest that intermittent umbilical cord compression with resultant fetal hypoxemia occurs during some human pregnancies, with an increased prevalence of adverse outcomes during the immediate neonatal period and the potential to effect longer-term growth and development.
Conclusions
The fetal response to hypoxia is important for the management of fetuses at risk. Over the last several decades, the use of chronic catheterization techniques in fetal animals has enabled the investigation of the fetal response to various stresses. These studies have revealed that the biophysical activities of the fetus are suppressed by acute hypoxemia, that the fetal cardiovascular responses differ from those in postnatal life, and other findings. Interestingly, some of these fetal changes show adaptive responses, which are profoundly inhibited by severe acidosis. Some of these findings are applicable to clinical practice as they can be observed by fetal heart rate monitoring and high-resolution ultrasound. At present, the fetal activity and behavioral states under normoxic and hypoxic conditions are well established. However, further studies are required to improve the understanding of fetal physiology and pathology in response to the various insults that occur as a result of different conditions. Disclosure
